The conflict-monitoring hypothesis posits that anterior cingulate cortex (ACC) monitors conflict in information processing and recruits dorsolateral prefrontal cortex (DLPFC) to resolve competition as needed. We used fMRI to test this prediction directly in the context of a task-switching paradigm, in which subjects responded to the color or the motion of a visual stimulus. Conflict was indexed in terms of the product of activities in areas specialized for color or motion processing on a trial-by-trial basis. Here, we report that ACC and posterior parietal cortex (PPC) were sensitive to distinct forms of conflict, at the level of the response and the stimulus representation, respectively. Activity in PPC preceded increased activity in DLPFC and predicted enhanced behavioral performance on subsequent trials. These findings suggest that ACC and PPC may act in concert to detect dissociable forms of conflict and signal to DLPFC the need for increased control.
Introduction
Attentional impairments, broadly defined, feature prominently in the symptomatology of a variety of psychiatric conditions and are often accompanied by structural and functional abnormalities in a network of structures, including anterior cingulate and lateral prefrontal cortices (Cohen and Servan-Schreiber, 1992; Casey et al., 2002; Bishop et al., 2004) . A more concrete understanding of the contribution of subcomponents of this circuitry to cognitive control is crucial for understanding the relationship between clinical symptomatology and neuropathology in these conditions.
Converging evidence from rodent, primate, and human imaging studies implicates a network of structures, including lateral prefrontal cortex, anterior cingulate cortex (ACC), and posterior parietal cortex (PPC), in dissociable aspects of cognitive and behavioral regulation (Dias et al., 1996; Birrell and Brown, 2000; O'Reilly et al., 2002; McAlonan and Brown, 2003; Fox et al., 2003) . There is a growing consensus that lateral prefrontal cortex acts to support task-relevant representations of stimulus information and stimulus-response mappings, thus favoring them in competitions with task-inappropriate representations in posterior cortex (Desimone and Duncan, 1995; Miller and Cohen, 2001) . Distinct regions of lateral prefrontal cortex may regulate representations at various levels of abstraction (Dias et al., 1996; O'Reilly et al., 2002; Koechlin et al., 2003) and contribute differentially to enhancement versus inhibition (Casey et al., 2000) . Posterior parietal cortex has been implicated in the generation of motor plans via transformations of sensory inputs from multiple modalities (Anderson and Buneo, 2002) and may integrate representations of reward information in the service of perceptual decisionmaking (Platt and Glimcher, 1999; Gold and Shadlen, 2001) .
One influential theory, known as the conflict-monitoring hypothesis, posits that ACC monitors conflicts in information processing and recruits lateral prefrontal cortex to resolve competition as needed ). The conflict-monitoring hypothesis makes a variety of testable predictions, several of which have been confirmed in a series of recent experiments. These studies demonstrated that ACC activity is higher on trials associated with multiple competing responses; that dorsolateral prefrontal cortex (DLPFC) activity is increased across blocks of trials expected to require greater control; and that increased ACC activity on a given trial predicts increased DLPFC activity and more effective behavioral regulation on the subsequent trial (Carter et al., 1998 MacDonald et al., 2000; Kerns et al., 2004) .
The conflict-monitoring hypothesis provides a plausible account of how anterior cingulate and dorsolateral prefrontal cortices act in concert to detect conflict and implement control to resolve it, while producing testable, mechanistically specific predictions, many of which have been verified. However, recent findings complicate this model. Using variations of the Stroop task, Milham and colleagues showed that with practice, DLPFC is engaged independently of ACC, a finding at odds with the assertion that ACC acts to recruit DLPFC in this paradigm (Milham et al., 2003) . They also showed that while DLPFC, PPC, and ACC respond to manipulations of conflict, the role of ACC is limited to conflict at the level of the response and not at the level of the stimulus representation (Milham and Banich, 2005) , leading some to speculate that ACC may act with DLPFC to resolve conflicts, not detect them (Paus, 2001) .
We reasoned that conflict should be particularly robust, and therefore more amenable to measurement, in a task-switching paradigm in which subjects responded to either the color or the motion of a visual stimulus. A growing body of neuroimaging research has investigated the role of DLPFC, ACC, and PPC in reconfiguring task sets (e.g., Sohn et al., 2000; Dreher and Berman, 2002; Luks et al., 2002; Barber and Carter, 2005; Dreher and Grafman, 2003) . Though our findings are discussed below in the context of this work, it should be emphasized that the principal aims of the present study were (1) to examine the role of these structures in the detection and resolution of conflicts in information processing; and (2) to dissociate the contributions of response conflict and stimulus conflict to cognitive control demands, using task switching as a tool to probe and accentuate these effects. Other studies have implicated ACC in responding to conflict by comparing trials associated *Correspondence: col2004@med.cornell.edu with multiple incongruent stimulus-response mappings to congruent trials. Conflict in these studies is defined in cognitive rather than physiologic terms Kerns et al., 2004) . Here, we adopt a complementary approach: in accord with computational formulations , we define conflict in terms of the product of activities in areas specialized for color or motion processing and examine how the BOLD signal in lateral prefrontal, anterior cingulate, and posterior parietal cortices varies with this measure on a trial-by-trial basis.
Results
Event-related fMRI scans were acquired from 19 healthy young adults (ten males) while they made discriminations concerning either the color or the motion of a series of visual stimuli. On each trial, subjects viewed a pair of circular square-wave gratings, one red and one green. Each grating moved either up or down. The gratings flanked a simultaneously presented, centrally located task cue (''M'' or ''C''). If the cue was an ''M,'' the subject responded by choosing the side with the upward moving grating, regardless of color. If the cue was a ''C,'' the subject responded by choosing the side with the red grating, regardless of motion (Figure 1 ). Repeat trials were defined as those preceded by two to five trials of the same dimension (e.g., MMMM). Shift trials were those preceded by two to five trials of the opposite dimension (e.g., CCCM).
Trials also varied with manipulations of conflict at the level of the response and the stimulus representation. In a low response conflict trial, the red grating was also the upward moving grating so the correct response was the same in both dimensions. In a high response conflict trial, the red grating was downward moving, and the green grating was upward moving so the correct response depended on the cue (see Figure 2B ). Stimulus conflict was parametrically manipulated by adjusting the color saturation on motion trials and the square-wave contrast on color trials, yielding three levels of conflict (low, medium, and high; see Figure 2C ) that varied with the salience of the irrelevant dimension (Campbell and Maffei, 1980) . For each trial of a given dimension, the salience of the relevant dimension was held constant; only the salience of the irrelevant dimension was varied. Thus, the difficulty of the relevant visual discrimination did not vary from trial to trial independently of competing stimulus information from the irrelevant dimension. Color and motion trials were presented in a pseudorandomized order such that the task cue could not be predicted, and each contrast described below was counterbalanced for dimension, side of target presentation, response conflict, and stimulus conflict. Importantly, this counterbalancing ensured that the stimulus conflict manipulation was not confounded by conflict at the level of the response (and vice versa) or by other attentional demands, independent of those associated with interference from the irrelevant dimension. (See the Supplemental Data available with this article online for further discussion.)
Behavioral Results
Analysis of behavioral data confirmed the validity of these manipulations (Figure 2 ). All behavioral effects were observed for both color and motion trials, so these results are collapsed across dimension. Shift trials were slower [F(1,18) = 388.03, p < 0.001] and less accurate [F(1,18) = 6.50, p = 0.02] than dimension-matched repeat trials. As predicted, both conflict manipulations were also associated with significant behavioral impairments. Response conflict was associated with impairments in reaction time [F(1,18) = 50.1, p < 0.001] and accuracy [F(1,18) = 4.37, p = 0.05]. Post hoc contrasts indicated that these effects were driven by shift trials: whereas high conflict shifts were slower (t = 3.81, p < 0.001) and less accurate (t = 1.95, p = 0.05) than low conflict shifts, the effects of response conflict on repeat trial RT (t = 1.81, p = 0.07) and accuracy (t = 1.27, p = 0.21) did not reach significance. This was reflected in an interaction between response conflict and task switching for reaction time [F(1,18) = 14.79, p < 0.001].
The effects of stimulus conflict were confined primarily to reaction time [F(2,36) = 36.14, p < 0.001]: for both shift [F(2,36) = 10.60, p < 0.001] and repeat trials [F(2,36) = 7.74, p = 0.001], a main effect of stimulus conflict was observed such that increasing interference from the irrelevant dimension was associated with slower reaction times. There was also an effect of stimulus conflict on accuracy [F(2,36) The task cue and square-wave stimuli were presented simultaneously for 1500 ms followed by a 500 ms fixation cross. Repeat trials were preceded by two to five trials of the same dimension. Shift trials were preceded by two to five trials of the opposing dimension. Shift trials and repeat trials were followed by a variable intertrial interval of 0.5-12.5 s (mean 5.0 s).
was associated with impairments in accuracy as well as reaction time that were compounded when response conflict and stimulus conflict were both high, but these effects diminished rapidly over the course of two to five repetitions. This behavioral paradigm was designed to address three questions in the imaging data. First, we identified the principal regions involved in shifting attentional set and reconfiguring task rules by contrasting shift trials with dimension-matched repeat trials. Next, we sought to dissociate the contributions of conflict at the level of the stimulus representation and at the level of the response to these patterns of activity. Finally, we examined how these regions responded to a physiologic index of conflict.
Effects of Task Switching
Shift trials relative to dimension-matched repeat trials engaged a network of prefrontal and parietal structures (Figure 3 ), including bilateral dorsolateral prefrontal cortex (BA 8/9), bilateral anterior cingulate cortex (BA 24/ 32), and bilateral posterior parietal cortex (BA 40/7). These regions were also engaged when color trials and motion trials were examined separately, so the results depicted in Figure 3 are collapsed across dimension. The precise locations of these regions, as well as the locations of regions engaged for color trials but not motion trials or vice versa, are detailed in Table S1 in the Supplemental Data.
Effects of Response Conflict and Stimulus Conflict
Next, we examined the effects of response and stimulus conflict on activity in DLPFC, ACC, and PPC. This served both to dissociate the contributions of each type of conflict and to identify regions of interest that were particularly sensitive to conflict within the relatively large areas of DLPFC, ACC, and PPC activated in the task-switching contrast. High response conflict shifts relative to low response conflict shifts ( Figure 4A ) engaged a network of structures that included rostral anterior cingulate cortex (BA 24/32, p < 0.05) but not the region of dorsal PPC (BA 7, p > 0.62) illustrated in Figure 3 , which was reflected in an interaction between region (ACC, PPC) and response conflict [F(1,18) = 5.22, p = 0.035]. Other areas that were sensitive to response conflict included ventrolateral Table  S2 for precise locations). These effects were limited to shift trials; no effects of response conflict on repeat trials were observed, which was confirmed by an interaction between task switching (shift, repeat) and response conflict [F(1,18) = 13.46, p = 0.002].
High stimulus conflict shifts relative to low stimulus conflict shifts ( Figure 4B ) engaged a network of (C) 3D rendering of regions engaged in the high versus low response conflict contrast (green) and the high versus low stimulus conflict contrast (red). In general, stimulus conflict was associated with increased activity in a network of structures located dorsal to those sensitive to response conflict.
structures located dorsal to the areas sensitive to response conflict (compare red and green regions, respectively, in Figure 4C ). This included a region of right dorsal posterior parietal cortex (BA 7, p < 0.05) that converged with the region depicted in Figure 3 , but not anterior cingulate cortex (p > 0.85). This dissociation was reflected in an interaction between region (ACC, PPC) and stimulus conflict [F(2,36) = 3.19, p = 0.05]. Other areas that were sensitive to stimulus conflict included right DLPFC (BA 8/9), which converged with the ROI depicted in Figure 3 , and right anterior prefrontal cortex (BA 9/10; Figure 5C : p < 0.05; for precise locations, see Table S3 ). A similar pattern was observed when shifts and repeats were analyzed together and for repeat trials alone, though activations were more robust in this contrast. Although high and low stimulus conflict shifts included equal numbers of high and low response conflict trial types, we further controlled for the confounding effects of response conflict by performing this contrast on low response conflict shift trials exclusively. Activities in all three areas remained significant. Thus, ACC, but not DLPFC or dorsal PPC, were sensitive to conflict at the level of the response, while DLPFC and dorsal PPC but not ACC were sensitive to conflict at the level of the stimulus representation.
Conflict Sensitivity in Frontoparietal Cortex
Finally, we examined how activity in these three structures varied with a physiologic index of conflict. The conflict-monitoring hypothesis states that anterior cingulate cortex acts to detect conflicts in information processing in posterior cortex. According to this view, when activity in two competing neural units is high, activity in anterior cingulate cortex should also be elevated . To test this prediction, we identified six occipitotemporal regions that were primarily motion sensitive or primarily color sensitive by contrasting color shift trials with motion shift trials. The three most significant color-sensitive areas were located in the middle and superior temporal gyri (BA 20, 21; Talairach coordinates: 243, 7, 221; 242, 2, 25; 58, 234, 3) . Primarily motionsensitive regions were located in two areas of extrastriate occipital cortex and in the middle temporal gyrus (BA 18, 19, 21; Talairach coord: 36, 265, 1; 26, 279, 18; 244, 252, 29) . In accord with Botvinick and colleagues' ) computational formulation, conflict was indexed as a normalized product of the activities (% change in BOLD signal from the run-average baseline) in these three color-sensitive regions and three motion-sensitive regions, summed across all nine combinations:
Importantly, this formulation differs from that adopted in Botvinick and colleagues' ) computational model in that they ensured that competing units were connected by negative weights, whereas we could not reliably assess the association between the color-and motion-sensitive regions examined in our study. Instead, our index was intended to serve as a measure of conflict not between two competing perceptual areas per se, but rather between two stimulus-response processing streams, which are assumed to compete with each other. This was most easily measured in components of these processing streams that are anatomically distinct, i.e., in perceptual regions. Activities in the color-and motion-sensitive regions were assumed to be proxies for activity in their respective processing streams. Justifications for these assumptions and further discussion of the limitations of this analysis are included as Supplemental Data. To confirm the validity of the construct, we examined how the conflict index varied by trial type. As predicted, conflict was higher for shift trials than for repeat trials ( Figure 5A : t = 1.85, p = 0.033, one-tailed). We then examined how this physiologic index of conflict predicted activity in DLPFC, ACC, and dorsal PPC on a trial-by-trial basis, excluding trials when color-and motion-sensitive regions were both below baseline. Within the relatively large areas of DLPFC, ACC, and PPC activated in the task-switching contrast, we selected regions that overlapped with either conflict contrast to maximize conflict sensitivity. These included right DLPFC (36, 32, 36) and right dorsal PPC (24, 260, 45), which were active in both the task-switching and stimulus conflict contrasts, and an area of right rostral ACC (Talairach coordinates: 5, 37, 17), which was active in both the task-switching and response conflict contrasts. (See Supplemental Data for further discussion of region of interest [ROI] selection.)
The conflict index was significantly correlated with the BOLD signal (percent change from baseline) in all three regions of interest, but the strength of this correlation varied from region to region. Correlations with anterior cingulate cortex (BA 24/32, r = 0.49, p < 0.001; Figure 5B ) and posterior parietal cortex (BA 7, r = 0.48, p < 0.001; Figure 5C ) were significantly stronger (ACC: Z = 3.08, p < 0.001; PPC: Z = 2.49, p < 0.007) than the correlation with dorsolateral prefrontal cortex (BA 8/9, r = 0.38, p < 0.001). Interestingly, the conflict index predicted activity in ACC independent of PPC (r = 0.31, p < 0.001) and vice versa (r = 0.26, p < 0.001). In contrast, it accounted for only 1% of the variance in DLPFC activity (R 2 = 0.012) independent of activity in these two structures.
Conflict Monitoring in Posterior Parietal Cortex
Thus, dorsal PPC as well as ACC were uniquely sensitive to conflict. Moreover, ACC and PPC were sensitive to dissociable forms of conflict at the level of the response or at the level of the stimulus representation, respectively, which suggests that the central tenet of the conflict-monitoring hypothesis may apply to PPC as well as ACC. Previous work has confirmed several additional predictions of the conflict-monitoring hypothesis concerning the role of ACC in regulating DLPFC activity and executing appropriate behavioral adjustments. These investigations have shown that increased ACC activity precedes increased DLPFC activity and is associated with enhanced behavioral performance on subsequent trials (Kerns et al., 2004) . We attempted to replicate the findings reported in Kerns et al. (2004) and then tested whether these predictions also applied to posterior parietal cortex.
First, we tested whether increased activity in ACC and dorsal PPC on high response conflict and high stimulus conflict trials, respectively, preceded increased activity in DLPFC. As predicted, increased ACC activity on the current trial preceded increased DLPFC activity on the subsequent trial (r = 0.45, p < 0.001). This was also observed for dorsal PPC (r = 0.48, p < 0.001), consistent with an analogous role for this structure in recruiting DLPFC ( Figure 6A ). Importantly, dorsal PPC predicted subsequent DLPFC activity independent of shared variance with ACC (r = 0.19, p < 0.001), and vice versa (r = 0.20, p < 0.001), which is suggestive of independent roles for these structures in DLPFC regulation. Next, we tested whether ACC and dorsal PPC activity predicted subsequent behavioral adjustments. In accord with Kerns et al. (2004) , we classified each trial following a shift trial as ''high adjustment'' (fastest quintile relative to average repeat trial RT) or ''low adjustment'' (slowest quintile relative to average repeat trial RT). As predicted, ACC activity on the preceding shift trial was significantly higher for high adjustment (fast) trials than for low adjustment (slow) trials (t = 2.21, p = 0.027). Again, this was also observed for dorsal PPC (t = 3.48, p = 0.001), indicating that increased PPC activity on a given trial was associated with enhanced performance on the subsequent trial ( Figure 6B ).
Discussion
In accord with other work (Sohn et al., 2000; Rushworth et al., 2002; Barber and Carter, 2005) , the implementation of cognitive control associated with task switching engaged a network of structures including dorsolateral prefrontal cortex (BA 8/9), anterior cingulate cortex (BA 24/32), and posterior parietal cortex (BA 7/40). Activity in all three structures was sensitive to the conflict index, but to varying degrees. The strongest associations were observed in ACC and superior aspects of the posterior parietal cortex, which were independently sensitive to dissociable forms of conflict at the level of the response and the stimulus representation, respectively.
Although activities in all three structures were positively correlated with each other, this finding cannot fully account for the relation between the conflict index and activity in PPC and ACC. The conflict index predicted activity in ACC and PPC independent of activity in DLPFC: increased conflict predicted increased activity in these structures above and beyond that associated with whole-circuit increases in activity associated with attention, for example. In contrast, the conflict index predicted only about 1% of the variance in DLPFC activity independent of ACC and PPC, suggesting a relation specific to these structures. Activity in both ACC and PPC increased with the conflict index, but these structures were sensitive to different forms of conflict. Response conflict varied with the congruency of the stimulus-response mapping in each dimension, similar to the approach adopted in previous studies of response conflict (e.g., MacDonald et al., 2000; Rushworth et al., 2002; Weissman et al., 2003; Kerns et al., 2004) . Stimulus conflict varied with the salience of the irrelevant dimension, which was manipulated in accord with psychophysics findings (Campbell and Maffei, 1980) . It is important to note that factors such as the salience of the relevant stimulus dimension, the location of the target stimulus, the level of response conflict, and the preceding context were all controlled. Thus, the stimulus conflict manipulation was not confounded by conflict at the level of the response or by other (e.g., spatial) attentional demands, independent of competing stimulus information from the irrelevant dimension. These manipulations revealed a double dissociation for conflict sensitivity in ACC and PPC. ACC, but not dorsal PPC, was sensitive to conflicts at the level of the response: ACC activity was elevated on high response conflict shifts relative to low response conflict shifts ( Figure 4B ), but this effect was not observed in dorsal PPC (BA 7). In contrast, posterior parietal cortex, but not ACC, was sensitive to conflict at the level of the stimulus representation, as activity in PPC increased with the salience of stimulus information from the irrelevant dimension. Interestingly, the conflict index also predicted activity in PPC independently of ACC and vice versa, which lends further support to the interpretation that these structures are sensitive to distinct forms of conflict. The conflict index predicted approximately 25% of the variance in ACC and PPC, nearly half of which was independent of activity in the other structure.
The selective sensitivity of ACC activity to response conflict but not stimulus conflict is consistent with at least two other reports (Van Veen et al., 2001; Van Veen and Carter, 2002) , which used the Eriksen flanker task. Although others have observed ACC activity in association with nonresponse conflict (e.g., Weissman et al., 2003; Badre and Wagner, 2004; Van Veen and Carter, 2005) , nonresponse conflict in these studies occurred at a level intermediate between the stimulus input and the response. In contrast, nonresponse conflict in our task and in the Eriksen flanker task occurred at the level of the stimulus representation, which may account for this discrepancy, as described in Van Veen and Carter (2005) . The precise locus of ACC activity may also be important. For example, Rushworth and colleagues (Rushworth et al., 2003) reported that lesions to ACC in monkeys cause task-switching deficits only if the lesions were extensive and included the cingulate sulcus. In two of the reports cited above (Weissman et al., 2003; Van Veen and Carter, 2005) , ACC activity sensitive to nonresponse conflict was observed in more caudal aspects of ACC, while Van Veen and Carter's (Van Veen and Carter, 2005) report indicates that rostral ACC may be selectively sensitive to response conflict, consistent with the locations described in other studies that emphasize interference at the level of the response (Casey et al., 2000; Van Veen et al., 2001) .
In other respects, though, patterns of activity in ACC and PPC were similar. Increased activity in both ACC and PPC predicted increased DLPFC activity and enhanced behavioral performance on subsequent trials. Importantly, the correlation between PPC activity and subsequent DLPFC activity was independent of shared variance with ACC (and vice versa), lending further support to the hypothesis that PPC may act to regulate DLPFC activity independently of ACC. These results are consistent with a role for both of these structures in regulating DLPFC activity by signaling the need for greater control. Indeed, just as ACC is anatomically well situated to detect conflicts at the level of a motor response and signal these to lateral prefrontal cortex (Barbas and Pandya, 1989; Bates and Goldman-Rakic, 1993) , several studies suggest that posterior parietal cortex is anatomically well suited to detect stimulus conflict and signal this to prefrontal cortex: primate posterior parietal cortex receives ample, direct input from extrastriate visual cortex and sends direct projections to lateral prefrontal cortex (Wise et al., 1997) . Previous studies have emphasized a role for posterior parietal cortex in detecting unexpected or behaviorally relevant stimuli and facilitating goal-directed attention to task-relevant aspects of a visual stimulus (Corbetta et al., 2000; Corbetta and Shulman, 2002) . Our results suggest one mechanism by which these processes may be mediated: detection of conflicts in information processing at the level of the stimulus representation may signal to lateral prefrontal cortex the need for enhanced top-down control, with distinct subregions regulating representations at various levels of abstraction (Desimone , 2003) . Further experimentation is necessary to assess the importance of conflict detection as a mechanism by which PPC mediates selective attention, especially in the context of other task paradigms.
These findings may also inform efforts to integrate the conflict-monitoring hypothesis with a growing body of research that explores the role of posterior parietal cortex in generating categorical perceptual decisions about sensory stimuli. Electrophysiological studies in nonhuman primates suggest that PPC plays a critical role in generating plans for movement through coordinate transformations of sensory inputs from multiple modalities into a common frame of reference (Anderson and Buneo, 2002) , and stimulus-related inputs to PPC can evoke neuronal activity associated with more than one potential motor plan (Snyder et al., 1997) . Recent experiments have demonstrated that these responses are modulated by decision-theoretic variables such as expected gain and outcome probability (Platt and Glimcher, 1999) , suggesting that cells in PPC may function to accumulate, over time, stimulus information favoring one decision over another; perceptual decisions could be made by calculating the difference between activity in cells favoring decision A and in those favoring decision B (Gold and Shadlen, 2001) . Cells with these electrophysiological properties would be ideally suited for detecting and signaling conflicts at the level of the stimulus representation: an activity difference that fails to exceed the required threshold could serve as a signal for the recruitment of prefrontally mediated control mechanisms, which would facilitate the representation of taskappropriate stimulus information.
It is also interesting to note that response conflict and stimulus conflict played different roles in shift trials relative to repeat trials, which may help to reconcile the conflict-monitoring hypothesis with a recent report by Milham et al. (2003) . They scanned subjects while performing a variant of the Stroop task in which subjects attained rapid practice-related improvements in performance. ACC and DLPFC activity was observed initially on incongruent relative to congruent trials, but with practice, ACC activity decreased to baseline while DLPFC activity remained elevated. Several groups have noted that this finding is inconsistent with the assertion that ACC plays a necessary role in recruiting DLFPC (Paus, 2001; Milham and Banich, 2005) . Our results suggest an alternative interpretation. They confirm that with repetition, the role of ACC in regulating control mechanisms diminishes: ACC was not engaged on high conflict repeat trials relative to low conflict repeats, and the behavioral costs associated with response conflict diminished commensurately. Instead, posterior parietal cortex may substitute for ACC in regulating the activity of DLPFC: high stimulus conflict repeat trials relative to low conflict repeats engaged both PPC and DLPFC robustly, and the behavioral effects of stimulus conflict persisted. With repeated exposure, PPC may suffice to detect conflicts at the level of the stimulus representation and recruit DLPFC to resolve them before they affect response selection. Alternatively, response selection may, with repetition, become tonically regulated by the more ventral regions of lateral prefrontal cortex depicted in Figure 4B , in accord with other studies of behavioral inhibition and practice-related changes in executive functioning (Casey et al., 1997; Raichle et al., 1994; Petersen et al., 1998; Durston et al., 2002) . Further experimentation would be required to test these hypotheses.
Although we focus here on the role of DLPFC, PPC, and ACC in detecting and resolving conflicts in information processing, this focus was not intended to obscure the fact that these structures also serve additional functions that are essential to task switching. Accordingly, Rogers and Monsell (1995) have demonstrated that switch costs persist even in the absence of conflict at the level of the response or the stimulus representation. Indeed, our results replicate this finding: when both response and stimulus conflict were minimized, shift trials were still significantly slower than repeat trials (p < 0.007). Other studies have examined the various contributions of these structures to task switching in detail, and our results are generally in accord with this work. Reports of activity in DLPFC and PPC, for example, are common in these investigations (Sohn et al., 2000; Dreher and Berman, 2002; Luks et al., 2002; Barber and Carter, 2005; Dreher and Grafman, 2003) , which ascribe a role to DLPFC in selecting and maintaining task-relevant representations and selecting task-appropriate responses. Studies that emphasize response inhibition (e.g., Sohn et al., 2000, Barber and highlight more inferior aspects of lateral PFC (BA 46/45), also in accord with our results. Posterior parietal cortex is believed to play a role in reconfiguring stimulus-response mappings (Barber and Carter, 2005) and in executing stimulus-driven task-set adjustments (Sohn et al., 2000) . It is likely that the behavioral costs associated with switching, independent of manipulations of response and stimulus conflict, can be attributed in part to these adjustments and reconfigurations. By focusing on the detection and resolution of conflict, our results complement this body of work.
In contrast to DLPFC and PPC, reports of ACC activity in studies of task switching and conflict detection are somewhat inconsistent, and it is important to understand the source of these discrepancies. Several studies have reported ACC activity in association with task switching (Burgess et al., 2000; Dreher and Berman, 2002; Swainson et al., 2003; Rushworth et al., 2002) . However, several other studies describe results that question the importance of ACC for task switching, per se (Sohn et al., 2000; Luks et al., 2002; Dreher and Grafman, 2003) . Important variations in task design, especially in the timing and predictability of the switch, may account for these differences. ACC activity may play a critical role only in conditions that yield high response conflict on switch trials. If the task structure provides more time for subjects to prepare for a switch, or if the switch itself is more predictable, response conflict may diminish (e.g., Sohn et al., 2000; Luks et al., 2002) . Alternatively, if task switching occurs rapidly (e.g., Dreher and Grafman, 2003) , response conflict may persist even on repeat trials, in which case switches and repeats might engage ACC equivalently. Our task was designed to maximize switch-related response conflict, so ACC activity was to be expected.
Collectively, our findings suggest that the basic tenets of the conflict-monitoring hypothesis ) may apply to dorsal posterior parietal cortex as well as anterior cingulate cortex. Anterior cingulate and posterior parietal cortices were components of two distinctly dissociable networks, sensitive to conflict at the level of the motor response or the stimulus representation, respectively. Activity in these structures varied uniquely and independently with a physiologic index of conflict in competing processing streams and predicted increased DLPFC activity and enhanced behavioral adjustments. Together, ACC and PPC may act to detect dissociable forms of conflict, signaling to prefrontal cortex the need for increased control. Structural and functional abnormalities in DLPFC and ACC are commonly reported in schizophrenia, major depression, and anxiety disorders, among other psychiatric conditions, all of which feature prominent deficits in attentional control. Our results confirm the importance of posterior parietal cortex in this circuitry (Fox et al., 2003; Sohn et al., 2000, Barber and and highlight a new potential role for this structure. A more thorough understanding of the functional significance of each component of this circuit may facilitate future efforts to link clinical symptomatology with neuropathology and more effective treatments.
Experimental Procedures Subjects
Nineteen right-handed, healthy young adults (ten males) were scanned. All subjects were screened for contraindications for MRI and a history of any psychiatric or neurological conditions. The experimental procedure was approved by the Weill Medical College of Cornell University IRB, and written informed consent was obtained from all subjects prior to scanning.
Task-Switching Paradigm
On each trial, subjects were presented with two circular square-wave gratings, one red and one green, each subtending 4.6º of visual space at an eccentricity of 4.6º from fixation, for 1500 ms. Each grating moved either up or down. A centrally located cue (''M'' or ''C'') instructed the subject to attend to either the motion or the color of the stimuli. If the cue was an ''M,'' the subject responded by choosing the side with the upward moving grating, regardless of color. If the cue was a ''C,'' the subject responded by choosing the side with the red grating, regardless of motion (Figure 1 ). Repeat trials were defined as those preceded by two to five trials of the same dimension. Shift trials were those preceded by two to five trials of the opposite dimension. Trials also varied with manipulations of response conflict and stimulus conflict. In a low response conflict trial, the red grating was also the upward moving grating so the correct response was the same in both dimensions. In a high response conflict trial, the red grating was downward moving, and the green grating was upward moving so the correct response depended on the cue ( Figure 2B ). Stimulus conflict was parametrically manipulated by adjusting the color saturation on motion trials and the square-wave contrast on color trials, yielding three levels of conflict (low, medium, and high; see Figure 2C ) that varied with the salience of the irrelevant dimension, consistent with psychophysical studies of motion detection and color discriminations (Campbell and Maffei, 1980) . Each trial ended with a centrally located white fixation cross, subtending 1.2º of visual space, with a variable duration (500-12,500 ms). Reaction times and accuracies were recorded for all trials using the E-Prime and IFIS software packages (Psychology Software Tools, Pittsburgh PA).
Prior to scanning, subjects were trained on three blocks of 36 trials consisting of color discriminations, motion discriminations, and alternating color/motion discriminations, respectively. In the scanner, subjects completed six blocks of 72 trials, which were presented in a jittered task design. To maximize the behavioral effects of conflict, long intertrial intervals followed only 24 selected shift and repeat trials per block. These trials were counterbalanced for dimension, side of target presentation, response conflict, stimulus conflict, and preceding context (i.e., the number of high versus low conflict trial types in the three trials preceding a trial of interest). Thus, for a given contrast (shift versus repeat, for example), each group contained equal numbers of trials from each combination of conditions. All other trials were followed by a 500 ms fixation cross and were not explicitly included in any imaging or behavioral contrast. Although a fully jittered design would be ideal, preliminary pilot testing demonstrated that periods of fixation preceding a shift in excess of 2-3 s led to a rapid deterioration in the magnitude of all behavioral effects and consequently, large reductions in statistical power. It is also worth noting that the observed BOLD signal time courses closely resemble the predicted hemodynamic response function (see Figure S2 ).
MRI Parameters
Images were acquired on a GE 3T MRI scanner using a quadrature head coil. Functional scans were acquired using a spiral in-and-out sequence (Glover and Thomason, 2004 
Behavioral Data Analysis
Reaction time and accuracy was recorded for all trials. Effects of task switching, response conflict, and stimulus conflict were assessed using a 2 (repeat/shift) 3 2 (low/high response conflict) 3 3 (low/medium/high stimulus conflict) factorial within-subjects ANOVA. Only correct trials were included in reaction time analyses.
Imaging Data Analysis MR images were preprocessed and analyzed using the BrainVoyager QX software package (Brain Innovations, Maastricht, The Netherlands). Preprocessing of fMRI data included slice scan time correction, temporal filtering, linear trend removal, spatial smoothing using a 4 mm FWHM Gaussian kernel, and 3D motion correction. Functional data sets were coregistered to the 3D SPGR anatomical volume. Both functional and anatomical data sets were then transformed into Talairach space.
The 114 (6 runs 3 19 subjects) z normalized functional time courses were analyzed based on the least mean squares solution to each of two general linear models (GLM). The first GLM used level of response conflict (low or high) for each trial type (shift or repeat) as the primary predictors. The second GLM used level of stimulus conflict (low, medium, high) for each trial type (shift or repeat) as the primary predictors. Only correct trials were included in these predictors. Each contrast analysis was performed based on wholebrain voxelwise t tests of the difference between the b weights of the relevant predictors using a random effects analysis. Interactions were assessed using a multifactorial within-subjects ANOVA based on the b weights of the relevant predictors for each ROI, as noted in the text. The shift versus repeat contrast was thresholded at p < 0.005 with a minimum cluster size of eight contiguous voxels (w320 transformed voxels) to minimize the likelihood of a type I error. Because the contrasts for response conflict and stimulus conflict included only 50% and 33% as many trials, respectively, these contrasts were thresholded at p < 0.01 with a minimum cluster size of 11 contiguous voxels, yielding an equivalent correction for multiple comparisons and increased power for detecting relatively large volumes of activation. These criteria ensure that the probability of a type I error is less than 0.05 (Forman et al., 1995) .
Correlations between the conflict index and activity (BOLD signal, percent change from run-average baseline) in DLPFC, ACC, and PPC were assessed by performing linear regressions for each subject, followed by a one-sample t test of the resultant b values versus zero, to account for intersubject variance. The relative strengths of these associations were assessed by comparison of the Fisher Z transformed correlation coefficients for each subject as described in Meng et al. (1992) . Z values reported in the text represent the group mean, with corresponding significance levels. Partial correlations controlling for shared variance with other structures in the circuit (see text) were also performed separately for each subject, followed by a one-sample t test versus zero. Correlation coefficients reported in the text represent the group mean, while significance levels reflect the results of each one-sample t test.
Finally, to assess the role of PPC in regulating DLPFC activity and executing appropriate behavioral adjustments and to replicate the findings of Kerns et al. (2004) , we performed two post hoc analyses. First, we examined how activity in ACC and dorsal PPC on high response conflict and high stimulus conflict trials, respectively, correlated with activity in DLPFC on the subsequent trial, in accord with the analysis described in Kerns et al. (2004) . For this purpose, activity for a given trial type was defined as the mean of activity (BOLD signal, percent change from run-average baseline) recorded on the second, third, and fourth scan post-stimulus onset, accounting for the lag in the hemodynamic response. To control for the effects of task-associated brain activity, we calculated the partial correlation between activity in either ACC or dorsal PPC on a given trial and DLPFC activity on the subsequent trial, while controlling for shared variance with a task-relevant region in the right temporal lobe, again following the approach described in Kerns et al. (2004) . We then performed a onesample t test versus zero to account for intersubject variance, as described above. Significance levels reported in the text represent the results of these t tests.
Second, we examined whether activity in ACC and dorsal PPC predicted subsequent behavioral adjustments. Again, we adopted the methods of Kerns et al. (2004) : trials immediately following a shift trial were sorted by reaction time relative to the mean repeat trial RT. Trials in the fastest quintile were classified as ''high adjustment,'' and those in the slowest quintile were classified as ''low adjustment.'' We then tested the prediction that activity in ACC and dorsal PPC should be higher for shift trials followed by high adjustment trials than for those followed by low-adjustment trials.
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/50/4/643/DC1/.
